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Abstract

New technologies such as MicroOptoElectro-Mechanical Systems
(MOEMS) require new modeling tools. These tools must simultaneously
model the optical, electrical, and mechanical domains and the
interactions between these domains. To facilitate rapid prototyping of
these new technologies an optical toolbox has been developed for
modeling MOEMS devices. The toolbox models are constructed using
MATLAB’s® dynamical simulator, Simulink®. Modeling toolboxes will
allow users to focus their efforts on system design and analysis as
opposed to developing component models. This toolbox was developed
to facilitate rapid modeling and design of a MOEMS based laser

ultrasonic receiver system.

. Introduction

This document uses a Micro
OptoElectroMechanical ~ Systems (MOEMS)
based laser ultrasonic receiver system as a
working example to describe the modeling and
simulation capabilities of the MOEMS toolbox.
The system level model employs a top down
design approach that hierarchically breaks down
the laser ultrasonic receiver into manageable
components. The toolbox models micro optical
components commonly referred to as MOEMS
devices. These component models take into
account micro optical phenomena such as losses
due to etch holes. Each component is modeled
using matrix geometrical optic methods and
image processing. The optical models employ
geometrical system matrices for calculations
involving both the focus and magnification factor.
The inputs and outputs of each component consist
of an image for dynamical manipulation and a
state vector. The system model includes a test
bench that simulates input stimuli and models the
behavior of the material under test conditions.
The components modeled include: thick lenses,
mirrors, beam splitters, wave plates, and an
optical detector. The wave plates are modeled
using rotational matrices, while the other optical
components incorporate the paraxial matrix
methods. Other effects taken into account in the
system model are the optical losses incurred due
to etch-hole size and spacing.

The primary purpose of the system model is
not only to determine the feasibility of design but

also to identify which component parameters are
critical for achieving the design specifications. In
addition, the MOEMS toolbox can also be used
for rapid prototyping of optical systems. Example
problems that can be quickly solved include those
with compound lenses and multiple component
systems. Key ideas to stress when using this
toolbox are Geometrical Matrix Optical methods,
top down, and hierarchical design methodologies
and system design of MOEMS systems.

1. Modeling Approach

The first step in top-down design methodology
used in this example is to separate the laser
ultrasonic MOEMS receiver system into a
hierarchy of sub-components. The individual
components are then modeled using a hybrid
approach involving both geometrical matrix
optical modeling and image processing. The
calculations are performed by MATLAB’S"
dynamical simulator, Simulink®. Both an optical
image and a state vector are passed to each
component. The state vector is comprised of the
following information: paraxial angle, paraxial
height, phase angle, direction angle x, direction
angle y, direction angle 2z, distance from
preceding element, height of beam plane, and
width of beam plane. Geometrical matrices are
calculated for each component and used to modify
the image dynamically. This information is used
to calculate the modifications to the image and the
new state vector that is passed on to the next
component.



Simulink® is a dynamical simulator and as
such can perform image processing using plane
waves in conjunction with the geometrical matrix
modeling. Matlab’s” Image toolbox can be used
for manipulating an image, under the control of
the MOEMS toolbox. Functions such as resizing
of images, image intensity scaling, and others can
be modified under the direction of the optical
components discussed.

The image processing for our initial
application is based upon planar wave fronts,
where each image represents the current phase of
the wave front at that instance in time. The phase
of the wave front is modeled using a sinusoidal
source that modulates the intensity. This would
allow for superposition of the waves to generate
images such as fringe patterns. To date we have
only used a single pixel of the image to generate
the output signal. The detector we have modeled
is not an array; therefore a single pixel is an
accurate representation of the output from a
Photo-EMF type of sensor. In the future we hope
to create system models using the components of
the toolbox that will perform more elaborate
image processing.

I11. Modeling Technique

A. Geometrical Matrices

Geometrical ~ matrix  optical ~ modeling
techniques are based upon the paraxial
assumptions, which state that the angles involved
with ray tracing must be close to zero. In other
words, the angles must be very close to parallel to
the optical axis. Trigonometric functions can then
be simplified, since sin (0) ~ 0, and cos (0) ~ 1,
for very small values of 6. This approximation
allows the tracing of rays to be accomplished
using simple matrix manipulations. For example
(See Fig. 1), if a ray translates a distance t,
through a medium with index of refraction n,
starting with height h, and the ray has an initial
angle 0, then the new height h;, and new angle 6,,
can be calculated using the following matrix
equation.
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Fig. 1. Geometry of a ray translation.

Similarly, the case of refraction of a light wave
can be handled using matrices (See Fig. 2). In
this case, if a ray translates through a medium
with index of refraction n,, starting with height h,
and initial angle 6, then the ray encounters a
material with index of refraction n, and radius of
curvature 11, the new height h;, and new angle 0,
can be calculated using the following matrix
equation.
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Fig. 2.
refraction.

Geometry of a ray experiencing

The final case to investigate is when a ray is
reflected from a surface of a material (See Fig. 3).
In this case, if a ray is traveling through a medium
with index of refraction n,, starting with height h,
and initial angle 0, then the ray encounters a



reflective material with a radius of curvature ry,
the new height h;, and new angle 6;, can be
calculated using the following matrix equation.
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Fig. 3.
reflection.

Geometry of a ray experiencing

B. Component Modeling using
Geometrical Matrices

Using these three geometrical matrix building
blocks, one can develop models for optical system
components. The geometrical matrices are simply
multiplied together to create system matrices for
the components. Each component’s system
matrix is used in the simulation by multiplying it
by a subset of the current state matrix, to
determine the new parameters for the new state
matrix. The general equation used to calculate the
new variables is

New [ System Current @
State Vector ~ | Matrix State Vector '

Notice that in both figures 2 and 3 there is a
discrepancy in the distance that the ray traverses
to the surface of the optical element. Although
this error is exaggerated in the figures, this error
is assumed to be negligible by the paraxial ray
assumptions [1].

1) Lenses: Because the thickness of a MOEMS
lens is comparable to the radius of curvature of
the lens, it is necessary to use the thick lens
formulations and not the thin lens approximations
[2]. See Fig. 4 for a diagram of the thick lens
geometry.

In the case of the thick lens the first matrix
required for the component model is the refraction
matrix for the incident surface of the lens. The
second matrix 1s a translation matrix for the
distance traversed within the lens. The third
matrix describes the refraction effects as the
optical path exits the second surface of the lens.
Multiplying the matrices together yields the
system matrix for a thick lens component (5).
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Fig. 4. Thick lens Geometry

A thin lens formulation can only be accurately
used if the radius of curvature is much larger than
the thickness of lens. See Fig. 5 for a diagram of
the thin lens geometry. In the thin lens case, the
component system matrix is reduced to simply the
refraction matrix for the incident surface of the
lens and the refraction matrix for the second
surface of the lens as in (6).
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Fig. 6. Icons for the toolbox library (Lens,
Mirror, Beam Splitter, Wave Plate, and Detector).
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The icons shown in Fig. 6 are Simulink
hierarchical constructs that include
implementations of the system matrices. The
icons of the toolbox library implement basic
optical components such as a Lens, Mirror, Beam
Splitter, Wave Plate, and a Photo-EMF Detector.
The Lens icon is a Simulink subsystem that is
masked. After placing the icon, you can double
click upon it to bring up the subsystem shown in
Fig. 7.
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Laser ultrasound thick lens system

This subsystem illustrates the connections
between the state vector and the image that are
passed to the lens system matrix. Only the
paraxial angle, paraxial height and the distance
from the preceding element are passed to the thick
lens system matrix. The thick lens matrix is also
masked, and when it is clicked will bring up a
window for typing in parameters (Fig. 8). In this
window the lens thickness, the two radii, and the
two indices of refraction can be input.

E] Block Parameters: Thick Lens System

—Subsystem (mask)

2|x]

—Parameters
Lens Thickness
{0.00002
Radius #1
{0.00002
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[-0.00002
Index of Refraction (Medium)
0.98
Index of Refraction (Lens)
1.6

oK I Cancel | Help I Apply

Fig. 8. Thick lens parameters window.



If you look under the mask for the thick lens
system matrix you will see the block diagram in
Fig. 9. In this block the distance from the
preceding optical element (Input 2) is passed to
the translation matrix. The translation matrix is
multiplied by the refraction matrix for the first
surface of the lens. The result is multiplied by the
transfer matrix for translation that occurs between
the lens surfaces. The resultant is multiplied by
the refraction matrix for the second lens surface.
The final result is the system matrix for the thick
lens. This matrix is multiplied by the paraxial
angle and height (Input 1) to give the new
paraxial angle and height which are passed to the
next optical element (Output 2). The
magnification factor is also computed (Output 1).
The magnification is simply the negative inverse
of the element (2, 2), or using the ABCD matrix
notation the magnification is -1/D.
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Refraction Matrix
2nd Lens Surface

Fig. 9. Thick lens system matrix.

In the next level up (Fig. 7) we see that the
lens magnification which was output by the thick
lens system matrix is multiplied by the image
matrix to adjust the intensity. All of the
unchanged signals, along with the new paraxial
angle and height are passed to the next optical
element.

2) Mirrors: Fig. 10 shows the diagram of the
mirror geometry. The system matrix for a mirror
is that of a simple reflector (7) is

Mirror - 2n,
System | = o @)
Matrix 0 1

Fig. 10. Mirror Geometry

The mirror system matrix block is masked, so
double clicking upon the mirror icon will bring up
the block parameter window (Fig. 11). The block
parameter window is where mirror parameters
such as the mirror angle, etch hole size, etch hole
spacing, the index of refraction for the mirror
material and the radius of curvature for the mirror
are entered.
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Etch Hole Size
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0OK I Cancel | Help I Apply |

Fig. 11. Mirror parameters pop up window.




Underneath the subsystem mask is the mirror
system matrix block (Fig. 12). The mirror system
block uses the paraxial angle and height, along
with the directional angle x. The mirror system
matrix is multiplied by the paraxial angle and
height to give the new paraxial angle and height.
The direction angle x is modified to according to
the law of reflection. The direction angle is also
used to calculate the angle of incidence at the
surface of the mirror which is used for de-rating
the intensity of light reflected from the mirror
surface.

(1) »|  Miror T
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Mirror_|_Out
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v

Fig. 12. Mirror system matrix

The mirror matrix block (Fig. 13) determines
the systems matrix for the mirror. In this bock the
translation matrix for the light beam from the
preceding optical element to the mirror is
multiplied by the mirror reflection system matrix
to give the overall system matrix for a mirror.

1 0
In1 ti/nl 1
Transfer Matrix L—Pp| Matrix
Preceding Optical Path —pp|Multiply »
r ] Product4 Outl
1 -2xnlrl
0 1

Reflection Matrix
Mimor Surface

Fig. 13. Mirror system matrix.

Many MOEMS devices are required to have
etch holes so that the release etchant can flow
under the device and insure the complete removal
of a sacrificial layer. This allows moving parts to
be free from any substrate or unwanted
attachments. Because etch holes have a large
effect on the reflectivity of MOEMS mirrors they
have been included in the models. Using data
from [3], and lookup tables in Simulink®, a block
has been developed that takes into account etch-
hole size and spacing, as well as the angle of the
mirror when determining the intensity of light that
is reflected from a MOEMS miirror.

The angle of incidence at the surface of the
mirror is passed to a mirror de-rating block (Fig.
14). In this block the intensity of the reflected
light is reduced using three factors. First the
reflectance is reduced according to the angle of
incidence. For this block look up tables are used
to determine the outputs. The result from the
reflectance block it multiplied by a look up table
block that determines the reduction in light
intensity due to the size of the etch holes in the
mirror surface. Since almost all of the pop up
MOEMS clements require etch holes for the
elements to be released from the substrate, this is
a real world issue that needs to be addressed. The
result from this block is multiplied by the result of
a look up table for the reduction in light intensity
due to the spacing of the etch holes. The overall
result of this block is multiplied by the image to
reduce the intensity of light of the image that is
passed to the next optical element.

1
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Etch Hole Size vs Reflectance
LookUp Table

Etch Hole Spacing /
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*Note only using the xangle for this calculation.
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Fig. 14. Mirror de-rating block.



3) Wave plates: The wave plate used is a %2 A
phase retarder and the source is linearly polarized.
Fig. 15 shows a diagram of the wave plate
geometry. Wave plates are used to rotate the
phase angle of the outgoing light.
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Fig. 15. Wave Plate Geometry
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A rotation matrix like that of (8) could be used
to determine the amount of phase rotation
provided by a wave plate.

cos(@) sin(H) ®
| =sin(@) cos(0)

However for our application which uses a half
wave plate and assumes that the source is linearly
polarized, the equations simplify to the level
where matrices are not required. For this
application we first look at the electric field as it
is split into its X and y components as is given in

9).

1

2

Where E, is the initial total electric field and
Ex and Ey are the perpendicular and parallel
components. These components can be used to
calculate the angle of phase rotation for the half
wave plate. By multiplying (9) by a matrix that
represents linearly polarized light we get
equations (10, 11) [4].

(Ex]: N ©)

Ey =cos(d)-E, (10)

Ey =—sin(0)-E, (11)

Equations (10, 11) are used in (12) to
determine the angle of phase rotation (o), given a
mechanical rotation of the wave plate by angle 6.

tan(a) = E =" sin(0) =
Ey cos(0)

tan(—6) (12)
So the angle of phase rotation simplifies to
a=-0. (13)

The intensity of the light (I) that has passed
through the wave plate is found by

I =J(E} ) +(Ey)’ (14)

| = \/(l-cos(e)-Eo)z + (= —sin(9)-E,)* = E,(15)

1
V2 V2
The total intensity of light remains unchanged
by a rotation of phase angle (15); therefore the
image is passed through the phase shift block
without any modification (Fig. 16). This block
passes all of the signals through unchanged,
except the phase angle. The phase angle is
modified in the 2 wave plate sub-block.

T p( 1

Image In Image Out

Paraxial Angle »
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Paraxial height »
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Direction angle x 1/2 Wave Plate ~
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Direction angle y

| S ma D,
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L

Distance from preceding element w~
L

Height of Beam plane w~
L

Width of Beam plane w~
L

Fig. 16. Phase shifting wave plate block.



The half wave plate sub-block is masked, so it
will open a block parameter window (Fig. 17). In
this window there is only one parameter, the
mechanical angle of rotation for the half wave
plate. This parameter is used to adjust the relative
intensities between the reference beam, and the
transmission beam that has been directed at the
surface of the material under test.

2/

—Subsystem (mask)

—Parameters

Rotated Angle in Degrees?
135

QK | Cancel Apply |

Fig. 17. %2 Wave plate phase parameters pop
up window.

If you look under the mask for the half wave
plate you will see a single function block (Fig.
18). In this simple block the phase angle is
multiplied by -1 to accomplish a 2*0 rotation in
phase angle in the opposite direction.

Laser Ultrasound
1/2 Wave Plate

In1 QOutl
Fen

Fig. 18. 2 Wave plate phase shifting block.

4) Beam splitters: A beam splitter is modeled
as a plane mirror with variable reflectivity and
transmission. See Fig. 19 for a diagram of the
beam splitter geometry. The reflectance matrix
mentioned earlier (3) is for a curved mirror
surface and must be modified for a plane mirror.
To formulate the matrix for a plane mirror, you
must take the limit of the power of the surface as
the radius goes to infinity, which will go to zero

[5].

. n',—n
lim———1

r—o r

=0 (16)

The zero for that element in the matrix results
in the plane mirror reflectance matrix reducing to
the identity matrix:

Lo 17
0 1) {1n

The system matrix of the component can be
formulated (18) for the beam splitter by starting
with a translation matrix that accounts for the
distance and medium from the source to the plane
mirror surface.  The second matrix is the
reflection matrix for the surface of the beam
splitter.

I 0 1 0
I 0
o=l h ( j (18)

n n

Fig. 19. Beam Splitter Geometry

The beam splitter sub-block (Fig. 20) has a
single image and state vector as inputs but has
two images and state vectors for outputs. In this
block the phase angle is used to determine the two
relative intensities of light that multiplied by the
input image to create the two new images that are
passed to the next optical elements. Also, the
direction angle X is modified for one of the state
vectors by adding a constant shift of 90°, while
the other state vector direction angle X remains
unchanged. This corresponds to the two light



paths that emerge from a beam splitting cube,
where one light path passes directly through he
cube, but the second path emerges from an
orthogonal face of the cube.
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Fig. 20. Beam Splitter Block.

The intensity splitter (Fig. 21) uses the phase
angle to generate four different linear sections.
The phase angle is also used to control the
switches which select one of four linear functions
to be output. The first function starts at zero and
for a phase angle of zero and goes to one for a
phase angle of 90°. The second function starts at
one and for a phase angle of 90° and goes to zero
for a phase angle of 180°. The third function
starts at zero and for a phase angle of 180° and
goes to one for a phase angle of 270°. The fourth
function starts at one and for a phase angle of
270° and goes to zero for a phase angle of 360°.

( 1 ) P((360-u(1))/90
In1 Fod |
| p( 1)
| (u(1)-180)/90 >gtch3 Ot
u
>=270°
Fcn3 }
L
—»>|(180-u(1)y90 —| Switch2
>=180°
Fcn2 . \ 4
PET | O
L9 u(1)90 Switchl out2
>=00° Congtant
Fenl

Fig. 21. Beam splitter intensity splitter block.

Switch 1 outputs function 1 when the phase
angle is less than 90°, and outputs function 2
when the phase angle is equal or greater than 90°,
and less than 180°. When the phase angle is less
than 270° and is greater than or equal to 180°
switch 2 outputs function 3. If the phase angle is
less than 180° then the output of switch 1 is
passed through switch 2. When the phase angle is
360° or less and is greater than or equal to 270°
switch 3 outputs function 4. If the phase angle is
less than 270° then the output of switch 2 is
passed through switch 3. In this manner all four
functions can be output in the proper sequence,
thus insuring that the output intensity will
properly vary as the phase rotates through 360°.

5) Photo-EMF Detector: Modeling of the laser
ultrasonic receiver necessitated the modeling of
the detector. For our application we modeled a
Photo-EMF detector at the most rudimentary
level. The detector block (Fig. 22) provides a
sink for all of the state vector information in the
form of a scope. The block receives two images
as inputs. These are the reference beam image
and the reflected measurement beam image. The
reference beam image is subtracted from the
reflected measurement beam image to give a time
varying signal. This signal, which is roughly
equivalent to a single pixel difference of the input
images, is passed to the highest level of the
Simulink model as the ultimate output from the
system (Bottom graph of Fig. 23).
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Fig. 22. Photo-EMF detector block.
Gaussian Constants
The Gaussian constants can be used to

determine a variety of properties relating to the
component. They can be taken directly from the

final system matrix for each component. The
constants are found in the order shown below:
b -a 19
-c d )

The principal focus point can be determined
by:

1
f=—. (20)
a
The magnification factor is given by:
1
b-s,
where

10

S, =—t. (22)
The image position is found to be:
d+c-s
S=—""2 (23)
b+a-s,
The principal foci are determined by:
c-1
S, =— (24)
a
1-b
Sy == (25)
The nodal points are given by:
o
n
Sy=—7 (26)
a
N p
n
Syo =— 27
NO a 27)

These parameters can be used to modify the
image (plane wave) that is being modeled in an
application. For information on matrix optics or
Gaussian constants refer to [1, 6].

C. Other Modeling Techniques

In addition to matrix optical modeling,
electrical, mechanical and other optical models
can be created. New optical components such as
micro lenses can be added to the library. Micro
lenses from Spm to 750pm have been fabricated
using photoresist [7]. These lenses are roughly
hemispherical in shape, and the surface deviation
is on the order of one tenth of a wave [8]. For this
application, the diameter of the photoresist lens
can be used in our lens model as one of the lens
radii. The index of refraction for the common
photoresist lens material PMMA is 1.5014 [9].
Diffractive optical models can also be added to
the library. In the future, mechanical and



electrical parameters will be added to the
component models. Models can be created for
mechanical components such as cantilever beams
and bridges with both point and distributed loads.
Electrical components that could be modeled
include electrostatic gap closer actuator and
various detectors for the system. Although we
have not developed these components yet, they
could easily be incorporated into the system
framework that we have developed.

IV. System Model of A MOEMS
Laser Ultrasonic Receiver
System

A MOEMS-based laser ultrasonic receiver
system has been chosen as the example to be used
to investigate system modeling using the
MOEMS toolbox. The MOEMS-based laser
ultrasonic receiver system can be realized using
micro optical components that are assembled on a
silicon wafer (Fig. 24). Refer to [10, 11] for the
basics of laser ultrasonics. This system is of
interest for advanced nondestructive evaluation
(NDE) technologies (for assuring the integrity of

airframe structures, wiring, etc.) at NASA
Langley Research Center [12, 13].  Laser
ultrasonic inspection instruments have been

shown to detect delaminations and fatigue cracks
in critical structures [14]. However, laser based
inspection instruments are generally too bulky to
be used in the confined spaces that are typical of
space and aircraft inspection sites. MOEMS is a
key technology to reducing the size of current
instruments and enabling increased inspection
coverage in areas that were previously
inaccessible due to instrument size and weight.

This type of laser ultrasonic receiver is
comprised of a laser and an optical system that
detects the ultrasonic waves. The laser beam is
reflected off a material in which ultrasonic waves
have been created. The laser beam interacts with
induced ultrasonic waves creating a reflected
beam that is ultrasonically modulated.  This
reflected beam is directed by the micro-optical
components to a photo-emf detector where the
beam is combined with a reference beam to
demodulate the ultrasonic signal [15]. The
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system is an interferometer which has a photo-
emf detector that outputs a signal that is
proportional to the velocity of the fringe line
movement. Material integrity is established by
analysis of the demodulated signal.

The laser ultrasonic receiver system is
modeled in the time domain using plane waves
that are represented by images that are passed to
each component. The state vector passes
parameters to each component that are used to
calculate any images transformations. This is
how information is passed between the
components of the receiver system.

The entire laser ultrasonic receiver system is
modeled hierarchically using Simulink®.  The
optical subsystem (Fig. 25) is one of many blocks
and uses the MOEMS toolbox components to
model the optical performance of the MOEMS
devices. The optical system is divided into three
paths; a transmission beam path on top, a
reference beam path, and a modulated beam path
shown on the bottom of Fig. 25. The
transmission path has two inputs found on the
upper left side of the diagram, the state vector,
and an image of the initial laser beam plane wave.
The laser beam is passed through a mirror and a
phase shifting wave plate before entering the
beam splitter. The reflected beam from the beam
splitter becomes the transmission beam. The
transmission beam path passes through a lens to
another wave plate, to a second lens, and finally
through a mirror and out as both an image and as
a state vector. Both of which are sent to the
material under test.

The reference beam is the beam splitter’s
transmitted beam. The reference beam is passed
to a mirror where it is redirected to the detector.
This beam is necessary for demodulating the
analog signal.

The lower set of inputs on the right side of the
diagram represents the modulated beam path.
This path begins with the transmission beam after
it has reflected off of the material under test. In
this design the beam must retrace through the
optical path to reach the detector. At the detector



both the reference beam and the modulated beam
are summed destructively to generate an analog
signal. By analyzing the time of flight between
the two pulses a determination can be made about
the integrity of the material under test.

Fig. 23 is a plot of the reference beam (top
trace), the reflected measurement beam called the
modulated beam (middle trace), and the analog
signal generated by the detector (bottom trace).
The sinusoidal waves represent the wave front
phase of the plane wave images as they pass
through a single point on the image plane. The
red circles on the Modulated Beam graph
highlight the areas where the ultrasonic signal is
visibly modulated onto the carrier wave. The
detector trace clearly shows the initial ultrasound
pulse created within the material. It also shows
the second pulse that is reflected from the back
side of the material or a discontinuity within the
material. By analyzing the time of flight between
the two pulses a determination can be made about
the integrity of the material under test.

Reference Beam

Amplitude

Modulated Beam

Analog Output Signal
(Time)

Fig. 23. Plot of the laser ultrasonic receiver
signals
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V. Conclusion

A geometrical matrix optical toolbox for use
with Mathwork’s Simulink® program has been
developed. The MOEMS toolbox contains the
basic elements for optical system modeling; thick
and thin lenses, a mirror, a beam splitter, a wave
plate and a translation block. In addition to the
optical components, it includes a block that
models the effects of etch holes in MEMS
mirrors.

Modeling toolboxes allow users to spend more
time investigating systems and design issues and
less time developing component models. This
toolbox was developed to facilitate rapid
modeling of MOEMS systems; specifically a laser
based ultrasonic receiver system being developed
by NASA LaRC. The MOEMS toolbox can also
be used for rapid prototyping of optical systems.

In the future we plan on adding more
components to the toolbox. We also intend to
fabricate the laser ultrasonic receiver system to
verify the simulation results generated by our
system model.
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